Relativistic spin-orbit interaction drastically modifies electronic band and endows emergent functionalities. One of the example is the Rashba effect 1,2 . In noncentrosymmetric systems such as interface 3 and polar materials 4,5 , the electronic band is spin-splitted depending on the momentum direction owing to the spin-orbit interaction, which is useful for the electric manipulation of spin current. Similar relativistic band-modification is also emergent for spin wave (magnon) in magnetic materials. The asymmetric magnon band dispersion induced by the Dzyaloshinskii-Moriya interaction 6,7 , which is antisymmetric exchange interaction originating from the spinorbit interaction, is theoretically expected 8,9 , and experimentally observed recently in noncentrosymmetric ferromagnets 10, 11 . Here, we demonstrate that the nonreciprocal microwave response can be induced by the asymmetric magnon band in a noncentrosymmetric ferrimagnet LiFe 5 O 8 . This result may pave a new path to designing magnonic device based on the relativistic band engineering.
1
Dzyaloshinskii-Moriya interaction H DM = D · (S i × S j ) originates from the relativistic spin-orbit interaction as well as exchange interaction 6, 7 . The vector D becomes nonzero when the inversion symmetry at the midpoint of two magnetic moments is broken, and the direction is determined by the symmetry rule termed Moriya-rule 7 . The Dzyaloshinskii-Moriya interaction modulates magnetic structures, and, in some cases, produces novel magnetic state such as skyrmion crystal 12, 13 . Dynamical magnetic states are more largely affected by the Dzyaloshinskii-Moriya interaction. Even in the completely spin-polarized ferromagnetic state, the spin wave excitation (magnon) is affected by the Dzyaloshinskii-Moriya interaction; it acquire an additional phase factor owing to the Dzyaloshinskii-Moriya interaction in the course of the propagation, which can be viewed as the Berry phase. Recently, the Hall effect of magnons caused by the Berry phase due to the Dzyaloshinskii-Moriya interaction is observed in terms of thermal transport 14 . In noncentrosymmetric ferromagnets, there is the uniform component of Dzyaloshinskii-Moriya interaction and the magnons acquire the phase factor proportional to the propagation distance. As a result, the asymmetric magnon band is realized in this class of materials. In this paper, we report unique microwave response owing to the asymmetric magnon band in a noncentrosymmetric ferromagnet LiFe 5 O 8 .
LiFe 5 O 8 is crystallized into a spinel-type crystal structure as shown in Fig. 1a . This material is similar to magnetite but Li ions are substituted for the one-fourth of Fe ions at the B site of spinel structure, and ordered so that the mirror symmetry is broken (space group P 4 1 32) 15 . The Fe magnetic moments show collinear ferromagnetic (more precisely, ferrimagnetic) order around 900 K 16 . The effective Hamiltonian in this class of noncetrosymmetric material was deduced based on the symmetry analysis as followings 9 ;
Here, M is the spatially dependent magnetization, J is the ferromagnetic exchange inter- The antennae can excite and detect the magnons with the wave length λ of 20 µm, which is much larger than the sample thickness, and are within the exchange regime shown in the In order to examine the microscopic origin of nonreciprocity, we plot in Figs. 3 a,b the ∆S 12 and ∆S 21 spectra at various magnetic field angles around θ = 0 for LiFe 5 O 8 (Fig. 3a) and Y 3 Fe 5 O 12 (Fig. 3b) . The nonreciprocity in Y 3 Fe 5 O 12 is quite sensitive to the magnetic field angle. The nonreciprocal response emerges as the magnetic field is tilted from θ = 0, and the nonreciprocity is reversed when the tilting direction is reversed. A similar field- To discuss more quantitative aspect, we plot as a function of θ the integrated intensities of the nonreciprocity
for the large k modes of LiFe may be caused by the differences in the strength of magnetic dipole-dipole interaction as well as magnetic anisotropy.
Analysis of microwave transmittance
Figures 7a,b show the microwave transmittance S 21 from the port 1 to the port 2 in the microwave circuit shown in Fig. 1c . Here, the LiFe 5 O 8 sample is placed at the center of the circuit. At 1.0 T, all the magnetic excitations are far above 10 GHz. Therefore, the S 21 is thought to be the background signal reflecting the details of microwave circuit besides the
